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The older hterature dealing with regular echinoid anatomy and histology men-
tions gland cells in the gut wall (see Hyman, 1935).  More recently, Stott (1955)
reported that gland cells in the wall of the sea urchin gut secrete an acid mucus,
while Fuji (1961) reported that some sea urchin gut glands produce an acid mucus
and others produce a nentral mucus.  In the present study, some newer teclhnigues
of autoradiography and histochemistry have been applied to all regions of the gut
of the purple sea urchin, Strongvlocentrotus purpuratus, to reveal the distribution
and characteristics of the mucopolyvsaccharides occurring in the wall of the digestive
tract.

At present, the terminology for sea nrchim gut regions is not entirely settled.
It is, therefore, necessary to define the terms used in this paper.  In S, purpuratus,
the small buccal cavity extends from the mouth opening in the center of the
peristome to the approximate level of the nerve ring. Interradially, each of the
five teeth perforates the wall of the buccal cavity. In cach radius is an outpocketing
of the buccal cavity wall ( Figs. 1 and 2). There are five such structures alternating
with and Iying between the five teeth.  These outpocketings have not heen named
before, and we shall call them the radial buccal diverticula.  In each interradins,
there 1s an outpocketing of the roof of the buccal cavity (Figs. 1 and 5). Althongh
these five ontpocketings have been called the lips of the pharynx (Delage and
Heronard, 1903 Stott, 1955), we shall call them interradial buccal diverticula.
The pharynx begins at the approximate level of the nerve ring and extends to the
aboral surface of the lantern. The esophagus, which has about the same diameter
as the pharynx, begins at the aboral surface of the lantern and extends to its junction
with the stomach. This junction is conspicuous, since the stomach diameter is
several times the esophagns diameter. Near the junction of esophagus and stomach,
a slender tube, the siphon, leaves the main course of the gut to run parallel to the
stomach. The stomach and siphon together make a nearly complete cirenit of the
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body to the beginning of the intestine. The siphon rejoins the main part of the gut
near the junction of the stomach and intestine.  The intestine doubles back on the
stomach and makes a nearly complete circuit of the body aboral to the stomach.
The intestine ends indistinctly with a short rectum which ascends to the aboral
pole, and terminates at the anus.

Histologically, the entire digestive tract is composed of three layers. The inner
lining is a tall columnar epithelium except in parts of the huccal cavity where it
thins to a squamous epithelium.  The layver covering the coelomic surface of the gut
is a flagellated squamous epithelium, the visceral peritoneunt.  Between these two
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Frerre 1. Vertical section through the Aristotle’s lantern and adjacent structures of a
0.3-g. S. purpuratus. The right half of the figure is radial and the left half is interradial. The
abbreviations, in clockwise order from the top of the figure, are as follows: ESO., esophagus :
COAL, compass; ROT., rotule; PH., pharynx, C. T., connective tissue; C. M. comminator
muscle (these muscles are actually several times more numerous than depicted) ; R. WL C., radial
water canal; R. N, radial nerve; R. BUC. D., radial buccal diverticulum; P. L. peristomial
lip; BUC. C., buccal cavity; BUC. P., huccal papilla; N. R, nerve ring; PYR., pyramid; I.
BUC. D, interradial buccal diverticulum; T., tooth; EP. epiphysis; E. M. COM., elevator
muscle of compasses; S. B., spongy body; W. R., water ring. The haemal system is not shown
in this figure.
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If1aure 2. Cross-section of a radial buceal diverticulum and adjacent structures of a 0.3-g.
urchin,  The section 1s in the plane of A-\" in Figure 1. FFrom top to bottom are comuinator
muscles, radial nerve supported by connective tissue, radial buccal diverticulum surroimded by
the peripharyngeal (or lantern) coelonm, and peristomial membrane bearing a pedicellaria on its
onter surface.  Haematoxylin and cosin,

Freuke 3. Vertical scction of the peristomial lip of a 0.3-g. urchin.  IFrom top to bottom
arc the gland-containing c¢pithelial fayer facing the environment, the thick connective tissue-
nmscle fayer, and the peritoneal layer bordering the peripharyngeal coelom.  Alcian blue,
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layers is a third cousisting of connective tissue, nerves, and muscle fibers; this will
be referred to as the connective tissue-muscle layer.

The physiology of digestion i1 ST purpuratus has recently been investigated by
Farmanfarmaian and Phillips (1962). These workers found that the esophagus and
first part of the stomach were the chief sites of digestion and absorption of C-
labeled constituents of the alga, /ridaca.

MATERIALS AND METHODS

All the specimens of Strongvlocentrotus purpuratus used were collected at fow
tide from tide pools near Yankee Point, California. Spectmens not sacrificed fresh
from the field were kept in containers of running sea water until used, and fed as
much of the brown alga, Macrocystis, as they would eat.

Preliminary preparation of the tissues for histochemical and autoradiographic
procedures was the same. Pea-sized urchins, averaging 0.3 g. fresh weight, were
fixed whole in 50 ml. of sea water-Bouin’s fluid.  The sea water-Bouin's fluid
decalcified the urchins completely i three days. Application of mild suction re-
moved residual gas bubbles from the urchins after decalcification was complete.
These specimens were then washed in water, dehvdrated i ethanol, cleared in
toluene, embedded in paraffin, and serially sectioned. Larger urchins, ranging from
5to 20 g. (20 to 35 mm. i test diameter), were fixed in 150 ml. of sea water-

Freure 4. Vertical section of a buccal papilla of a 0.3-g. urchin. IFrom top to bottom are
the gland-containing epithelial layer bordering the buccal cavity, the connective tissue-muscle
layer, and the peritoneal layer bordering the peripharyngeal coclom. Alcian blue.

Ficure 5. Cross-section of the pharynx of a 0.3-g. urchin surrounded by all five terradial
buccal diverticula. The section is in the plane of B-B’ in Figure 1. The spaces between the
diverticula and pharynx are continuous with the peripharyngeal coeloni, as can be seen from
Figure 1. At this level the pharynx has a massive connective tissue support in each radial re-
gion. The pharyngeal lumen contains a bite of algae. Haematoxyhn and eosin.

Ficure 6. Cross-section of the pharynx of a 4.5-g. urchin. Only one complete interradial
sector of tall epithelium and two radial grooves are shown; each radial groove is subdivided into
several groovelets. At the left is the lumen of the pharynx, and next to this is the gland-
containing epithelial layer. This epithelial layer is tall in the interradial areas and short in the
radial grooves. To the right of the lining epithelium is the counectve tissue-muscle layer, which
is thick interradially and thin radially. The peritoneal layer borders the peripharyngeal coelom
at the right.  Alcian blue.

Freure 7. Cross-section of the pharynx of a 4.5-g. urchin in the same orientation as IFig-
ure 6. Iun this Figure, the radial grooves are subdivided into two groovelets and the space be-
tween the lining epithelium and the connective tissuc-muscle layer is an artifact. A number of
coelomocytes may be seen wandering through the wall of the gut (arrows). Azure A.

Freoure 8. Autoradiogram prepared from a cross-section of the esophagus of a 4.5-g. urchin
killed one hour after injection of Na.S*0,. The section has been stained through the emulsion
with azure A. The lumen of the esophagus is at the top of the picture. The luminal border of
the epithehum stains with azure A, showing beta metachromasia. A heavy concentration of
silver graius lies over the middle third of the epithelial layer. At the base of the tall epithelium
1s a thin counective tissue-muscle layer in which several coelomocytes may be seen. Below the
connective tissue-muscle layer is the peritoneal layer, which borders the perivisceral coelom.

Ficure 9. Autoradiogram prepared from a cross-section of the esophagus of a 4.5-g. urchin
killed 18 hours after injection of Na.S¥O,. The section has been stained through the emulsion
with azure A. The orientation is the same as Figure 8, except the zone of silver grains lies
over the luminal half of the epithelial layer.
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Bowmn s iluid, after 3- to 10-mm. diameter holes were opened on opposite sides of
their tests at the ambitus to permit rapid entry of the fixative.  After overnight
fiation, the specimens were washed in water and dehvdrated as far as 709 cthanol.
At this point the urchins were dissected and segments of the following gut regions
were removed for further processing : pharynx, esophagus, stomach with attached
siphon, intestine, and rectum. The dehyvdration of the dissected tissues was then
completed and they were subsequently cleared, embedded. and sectioned.  For
examination of the buccal cavity of larger urchins, the lantern and adjacent
peristome were removed and processed as a unit like the small urchins.

Urchin gut regions, sectioned at 5 microns, were stained as follows :

(1) The periodic acid-Schiff (I’AS) method for aqueous solutions was used
according to the instructions of Humason (1962, p. 33). To remove any glycogen
which might have survived histological processing, sections, prior to staining, were
incubated in a 19 aqueous solution of diastase (malt, USP) for half an hour at
room temperature (Pearse, 1960, p. 260).

(2) Alcian blue at pll 3 was used according to directions of Humason (1962,
p. 269), omitting the counterstain.  Some sections were stained sequentially with
alcian blue and then PAS.

(3) Azure A (0.019%) was used according to instructions of Casselman (1959,
D. 535). Some sections were stained sequentially with PAS and then azure A.

(4) The mercuric hromphenol blue method for aqueous solutions was used
according to the directions of Mazia, Brewer and Alfert (1933).

(5) Sections adjacent to those used for histochemistry were stained routinely
with haematoxylin and eosin.

For an autoradiographic investigation of the gut mucopolysaccharides, 100 pc. of
Na,S*0, (specific activity = 142 millicuries per millimole) were obtained from
New England Nuclear Corp., Boston. The S*-sulfate came dissolved in slightly
over 1 ml of distilled water.  The distilled water was evaporated by dryving the
solution for several hours in a Y0° C. oven. The S*-sulfate was then redissolved
in 0.5 ml of sea water, which closely approximates sea urchin coelomic fluid m
composition. The sea water solution of S™-sulfate was injected mnto the perivisceral
coelom by way of the peristomial membrane. Four urchins (each with a fresh
weight of 9 g.) ecach recetved 1 pe. of S*-sulfate per gram. Two urchins (each
with a fresh weight of 4.5 g.) each received 5 pc. of S*-sulfate per gram. Injected
urchins were returncd to sea water until killed.  Of the animals injected with 1 pe.
per gram, one was killed in one hour, one was killed in 18 hours, and two were
killed in 24 hours.  Of the animals injected with 5 pe. per grani, one was killed in
one hour and onc was killed in I8 hours.  These S*-sulfate-treated urchins were
then processed histologically.  Sections of gut regions cut at 5 microns (as well as
S-micron control scetions from urchins not treated with S%%-sulfate) were covered
with Kodak AR-10 autoradiographic stripping fihn.  Autoradiograms of guts of
animals injected with 1 pe. per gram were exposed for 6 months, while autoradio-
grams of guts of animals injected with 5 pe. per gram were exposed for 47 days.
Some autoradiograms were left unstamed and mounted m the agqueous mounting
medium deseribed hy Bovd (1955, p. 214) for phase contrast observation.  Other
autoradiograms were stained through the emulsion by the azure A procedure
mentioned above and mounted in Permount.
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SEA URCHIN GUT MUCOPOLYSACCHARIDES

REsuULTs

Two of the mucopolysaccharides of the gut of S. purpuratus are widely dis-
tributed and need not be discussed separately for each gut region. The first of these
mucopolysaccharides is contained in the spherules of certain coelomocytes wandering
through the connective tissue-muscle laver and inner epithelium of the gut. These
spherules stain orthochromatically with azure A, do not stain with PAS or alcian
blue, and do not incorporate S*-sulfate. A\ further discussion of these coelomocytes
is beyond the scope of this paper.  The second of the widely distributed mucopoly-
saccharides is found in the connective tissue-muscle layer of all gut regions. This
layer stains with PAS after diastase digestion. The strength of the PAS reaction
varies from urchin to urchin, ranging from weak to intense. The stronger the
connective tissue-muscle layver stains with PAS, the stronger it stains with
mercuric bromphenol blue. This layer does not stain with azure \ or alcian blue
and shows no uptake of S**-sulfate in autoradiograms of S*-sulfate-treated urchins.
These results match the criteria defining neutral mucopolysaccharides in mammals
(Spicer, 1963). The results with mercuric bromophenol blue suggest that this
neutral mucopolysaccharide is associated with a protein, although the specificity of
mercuric bromphenol blue for proteins has been questioned (Baker, 1938 Kanwar.
1960).

The histochiemical tests demonstrate mucopolysaccharides ur unicellular mucous
¢lands in the inner epithelium of all gut regions preceding the junction of the
esophagus and stomach.  These mucous gland cells rarely exceed 6 microns at their
point of greatest width, while their heights vary depending on their location and
the size of the animal. The tallest mucous gland cells in a 0.3-g. urchin are 45
microns tall, while the tallest mucous gland cells in a 20-g. urchin are about 150
microns tall. These measurements demonstrate that the thickness of the gut wall
relative to the weight of the animal is greater in small urchins than in large urchins.
Some types of gland cells have mucopolysaccharides only in their luminal portions,
and their unstained basal portions, while difficult to see in sections, presumably
reach the base of the epithelial layer. The nucleus, when it can be scen, lies jnst
basal to the secretion-swollen portion. The secretions of the mucous gland cells stain
only weakly with mercuric hromphenol blue, and, therefore, contain comparatively
little protein. The other properties of the mucous gland cells will be described
for each gut region and are summarized in Table .

The peristomial lip. The peristomial lip (or mouth rim). although not a part
of the gut proper, is closely associated with it.  The peristomial lip is characterized
by a tall, glandular epithelium which distinguishes it from the rest of the peristonal
membrane (Figs. 1 and 3). Each gland cell of the peristomial lip is as tall as
the epithelium is thick. The basal half of each cell is swollen with a sccretion,
which reaches the exterior through the narrow neck of the cell.  All peristomial lip
mucous glands stain with PAS and with alcian blue.  They do not stain with azure
A and do not incorporate S*-sulfate. The histochemical properties of this secretion
do not correspond exactly to the properties of any known mammalian gut mucopoly-
saccharide (Spicer, 1963). However, it is probable that the peristomial lip gland
cells contain a nonsuliated acid nmucopolysaccharide containing some PAS-reactive
residues or a mixture of neutral mucopolysaccharide and nonsulfated acid muco-
polyvsaccharide components.
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TaBLe |

Summary giving the location in the gut and the nature of the secretion(s)
for each 1\'[)(’ of mucous gland cell

. N Type o
. . Location within N 5 g 5
(rut region 2 mucous Nature ol secretion (=) of mucous gland cell

gut region gland cell

Pertstomial lip Throughout Type 1 Nonsulfated acid mucopolysaccharide (and neutral
mun)pul\'sle('hnri(lc?)

Buccal cavity Buccal Type 1 Nonsultated acid mucopoly ~n(‘clmr1dc (and neutral

papillae nie npul\ saccharide?)
Radial Type 1 Snum:l\ acidic sultated nm(opol\ saccharide
buccal —= = — - ——— e -3

epithelium | Type 2 %ult wed d(l(] mucopolysaccharide

Radial buccal Throughout | Type | \nmult ved acid Il\ll(‘(rl)l)l\\d(&h‘ll‘l(lL mml IlLlIll’d]
diverticula mucopolysaccharide?)

Type 2 Sulfated acid mucopolysaccharide  (and  neutral
mucnp(rl\ saccharide?)

[nterradial buccal  Throughout Tyvpe I Nonsulated acid Illll(opul\ [ace hdrldc dll(] noulr.ll
diverticula mucopolysaccharide ?)

’l"\'pc 2 Sulfated acid muunpnl\\u(‘h aride

Pharyax Radial Type 1 \U(mgl\ acidic sulfated mucopoly \-.l((‘hdrlllc
grooves

lnterradial | Type I Nonsulfated acid mucopolysaccharide (and neutral
seClors 1 . mucopolysaccharide?)

Type 2 Sulfated acid mucopolysaccharide  (and neutral
l])ll(()])ul\‘-\d(L]ld['lll(‘))

. ‘ o .
Fosphagus Fhiroughout ' Type 1 blr(mgl\ o moderately .uulu sulfnctl muwpul\—
saccharide

The buccal cavity.  Just within the mouth opening, the wall of the buccal
cavity is thrown into numerous protuberances which we shall call huccal papillace.
The gland cells i the epithelinm covering each buccal papilla are not so abundant as
the glands of the peristomial lip, and the secretion-containing part of the gland may
occur at any level in the epithehal laver (Fig. 4. The secretion of the buecal papillae
clands has the same properties and presumably the same composition as the seere-
tion of the peristomial Tip glands abready described.  In each interradial region
just aboral to the buccal papillae, the buceal cavity lining thins to a squamous
epithelium at the point where the tooth pierees it. In cach radial region aboral to
the buccal papillae, a tall ¢pithelinm lines the buecal cavity on either side of the
opening to the radial bueeal diverticulum. Tere the buccal epithelium contains two
kinds of mucous gland cells. The first type of gland cell predominates, crowding
the epithelial Jayer from base to lumen. These cells show gamma metachromasia
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when stained with azure A, but do not stain with PAS or alcian blue.  \utoradio-
grams show extensive uptake of S*-sulfate has occurred in these glands in urchins
killed 18 and 24 hours after injection of the radioisotope. These results match the
criteria defining strongly acidic sulfated mucopolysaccharides in mammals ( Spicer,
1963). The second type of mucous gland cell is less abundant than the first type,
and its secretion-containing part is limited to the luminal third of the buccal
epithelium.  This second type of cell stains orthochromatically with azure A. but
does not stain with PAS or alcian blue.  Silver grains are located over this second
type of gland cell in autoradiograms.  Unfortunately, the proximity of this second
cell type to the very radioactive first cell type, coupled with the low resolution of S%7-
autoradiograms, makes it impossible to determine if any S*-sulfate is incorporated
by the second type of gland cell.  However, in the light of results from other gut
regions, these cells probably do incorporate moderate amounts of S*-sulfate.  The
properties of the secretion of the gland cells of the second type are quite different
from any known for mammalian gut mucopolysaccharides (Spicer. 19631, It is
probable that the secretion is a sulfated actd mucopolysaccharide.

The radial buccel diverticula.  The tall epithelinm lining each radial buccal
diverticulum contains two kinds of gland cell.  The secretion-swollen part of the
first kind of gland cell 1s located i the basal two-thirds of the epithelium and
communicates with the lumen by way of a narrow neck. The secretion of these
cells has the same properties and presumably the same composition as the secretion
of the peristonnal lip glands already mentioned. The secretion-filled portion of the
less abundant, second type of gland cell is Tocated in the Tuminal half of the inner
epithelium of each radial buccal diverticulum. These cells stain orthochromatically
with azare A\, but do not stain with alcian blue.  Some of these cells give a strong
PAS reaction. while others give no PAS reaction.  These cells incorporate moderate
amounts of S*-sulfate in urchins killed 18 or 24 hours after injection of the radio-
isotope.  The orthochromatic material in these gland cells of the second tvpe is
probably a sulfated acid mucopolysaccharide. The I’AS-positive material in some,
but not all, of these cells could mean that the orthochromatic secretion is hetero-
geneous, some of it having many PAS-reactive residues and some of it having few
PAS-reactive residues.  On the other hand, the PAS could be staining a second
type of secretion, a neutral mucopolvsaccharide coexisting in some cells with the
sulfated acid mucopolysaccharide.

The interradial diverticula.  The tall inner epithelium of the iuterradial
diverticula contains two types of gland cell.  The secretion-swollen portion of the
first type of gland cell is located in the hasal one-fourth to one-half of the epithelium.
lZach of these gland cells communicates with the lumen wie a narrow neck.  The
secretion of this first tvpe of mucous gland cell has the same properties and presum-
ably the same composition as the secretion of the peristomial lip glands already
described.  The secretion-swollen portion of the second tyvpe of gland cell occurs
abundantly in the luminal one-half to three-fourths of the inner epithelium of the
interradial buccal diverticula. The secretion of these cells stains orthochromatically
with azure A, but does not stam with PAS or alcian blue.  Autoradiograms pre-
pared from sections of the iuterradial diverticula of urchins killed one hour after
administration of S*%-sulfate show moderate uptake of the radioisotope by the
middle third of the epithelial laver. At this level. the epithehal laver contains both
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the necks of the mucous gland cells of the first type and the most basal portions of
the secretion-swollen parts of mucous gland cells of the second type. In the light
ot results reported below for the pharynx and esophagus, the radioactivity of the
middle third of the epithehal layer is probably due to uptake of S*-sulfate hy the
hasal portions of the secretion-swollen parts of mucous gland cells of the second
tvpe. Autoradiograms prepared from sections of radial buccal diverticula of urchins
falled 18 and 24 hours after injection of S*-sulfate show a moderate to heavy con-
centration of the radioisotope throughout the huminal half of the epithelinm.  Thus,
the second type of mucous gland cell in the interradial buecal diverticalum probably
contains a sulfated acid mucopolysaccharide.

The pharvaw.  The pharynx has five longitudinal grooves, one in each radial
region.  The epithelial cells lining cach pharyngeal groove are conspicuously shorter
than the tall epithelial cells in each interradial sector of the pharynx. IRach radial
groove of the pharynx oral to arrow C in Figure 1 is usually single—this condition
is shown in Figure 5. Each radial groove of the pharynx aboral to arrow C in
Figure 1 is alwayvs subdivided into at least two groovelets (IFig. 7) and sometimes
more than two groovelets (Fig. 6). The epithehum lining the radial grooves of the
pharynx aboral to arrow C in Figure 11s a continuous sheet of mucous gland cells.
These gland cells are so closely packed that boundaries of individual cells are hard
to sce in sections. The portion of these mucous cells bordering the pharyngeal
lumen 1s flled with a secretion which stains with azure A, showing gamma meta-
chiromasia (IYig. 7). This metachromatic secretion never stains with PAS, but
sometimes stains weakly with aletan blue. Autoradiograms prepared from sections
of pharvix from urchins killed one hour after injection of S*-sulfate show moderate
uptake of the radioisotope in the mddle third of the radial groove cells.  Autoradio-
grams prepared from sections of pharynx from urchins killed 18 or 24 hours after
mjection of S%-sulfate show large amounts of the radioisotope localized in the
luminal half of the radial groove cells. The properties of the metachromatic secre-
tion of the radial grooves almost mateh the criteria defining strongly aeidic sulfated
mucopolysaccharides in mammals (Spicer, 1963).  Only the tendency to stain with
pll 3 alcian blue indicates that this sulfated mucopolysaccharide of the urchin may
be a little less acidic than the mammalian strongly acidic sulfated mucopolyvsac-
charides which Spicer’s criteria define.

The tall epithelium of the interradial sectors of the pharynx contains two kinds
of mucous gland cell. The first tvpe of mucous gland cell 1s swollen at the level of
the basal third of the tall epithelial layer and empties its seeretion by way of a
tenuous neck. Just before reaching the lumen, the diameter of the neck enlarges
slightly, a feature which may be seen i Figure 6. The secretion of sueh a cell has
the same properties and presumably the same composition as the seeretion of the
peristomial lp glands already desceribed. The seceretion-swollen part of the second
pe of mucous gland cell occurs in the tuminal two-thirds of the tall interradial
sectors of the pharynx. This second cell type is abundant only in those parts of the
mterradial sectors of tall epithelinm near the radial grooves, as Figure 7 shows.
The secretion of this cell type stains orthochromatically with azure A and stains
strongly with PPAS 1t does not stain with aleian blne.  Autoradiograms prepared
from sections of pharynx from urchins killed 18 or 24 hours after injection of
Soosulfate demonstrate a moderate amonnt of the radioisotope in areas of epithelinm
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which contain this sccond type of cell. The second type of interradial pharyngeal
gland cell 1s, therefore, comparable to somie gland cells of the radial buccal divertic-
ula.  That is, each cell may contain a sulfated acid mucopolysaccharide rich in
PAS-reactive residues, or it may contain sulfated acid mucopolysaccharide (perhaps
similar to the sulfated acid mucopolysaccharide of the interradial buccal diverticula)
plus a neutral mucopolysaccharide.

The esophagus. If a segment of living esophagus is turned inside out and
viewed with a dissecting microscope, the exposed epithelial layer resembles the
surface of a shucked ear of maize. Ilach area of epithelium resembling a kernel
on the ear of maize corresponds to the tall epithelium seen in histological sections
of the esophagus. The narrow channels which delimit the “kernels™ correspond
to the grooves seen in histological sections of the esophagus. Figure 8 shows
two areas of tall epithelium separated by an esophageal groove. Since the con-
nective tissue-muscle layer at the base of the tall epithelium is as thin as the
connective tissue-muscle layer at the base of the short, groove-lining epithelium.
the esophageal grooves are due entirely to differences in the height of the epithelial
layer. There is only one kind of esophageal mucous gland cell, which is abundant
in the grooves and in the tall epithelium. Azure A always stains the luminal
portion of the esophageal mucous gland cells.  The width of the azurophilic zone
varies from urchin to urchin (Figs. 8 and 9), although, in a given individual,
the width of the zone is relatively constant throughout the course of the esophagus.
The azurophilic secretion usually shows gamma to beta metachromasia, but in
some individuals it may show orthochromasia. In general, the wider the zone
that stains with azure A, the greater its tendency to stain orthochromatically.
The azurophilic secretion of the esophageal mucous gland cells never stains with
PAS. but usually stains weakly with aleian blue. Autoradiograms of sections of
the esophagus of urchins killed one hour after injection of S*-sulfate show mod-
erate uptake of the radioisotope by the middle third of the epithelial layer (Fig. 8).
Autoradiograms of sections of the esophagus of urchins killed 18 or 24 hours
after injection of S*-sulfate show a heavy concentration of the radioisotope in
the luminal half of the epithelium (Fig. 9). The properties of the azurophilic
secretion in the luminal part of the esophageal gland cells indicate that it is a
sulfated acid mucopolysaccharide.  The acidity of the secretion appears to vary
from urchin to urchin. In some urchins the acid is strong (comparable in strength
to the radial groove secretion of the pharynx). but the acid may be of intermediate
strength in those urchins which have an esophageal secretion staming ortho-
chromatically with azure A.

The stomach, siphon, intestine and rectum. In none of these urchin gut regions
does the inner epitheliun contain unicellular gland cells filled with mucopoly-
saccharides.  In some urchins, the luminal border of these gut regions may stain
weakly with alcian blue.  The source of this apparent acid mucopolysaccharide
is unclear. It could be synthesized locally by epithelial cells which are not recog-
nizably differentiated mucous gland cells.  On the other hand. this acid muco-
polysaccharide could well be produced by mucous gland cells in gut regions pre-
ceding the junction of the esophagus and the stomach, and theu be carried into
the gut regions following this junction to coat the inside wall of the gut.
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Discurssion

In this paper 1t has been assumed that S*-sulfate s incorporated only into
sullated mucopolysaccharides and not into proteins.  Sulfated mucopolysaccha-
rides and proteins are the only sulfur-contiining molecules synthesized by animals
and known to survive fixation and subsequent histological processing.  The pos-
sible incorporation of S*-sulfate into sulfur-containing amino acids, and subsequent
use of such amiio acids to synthesize proteins is considered very improbable for
several reasons.  Prosser and Brown (1961, p. 86), after a survey of the amino
acid requirenmients of animals, conclude : *The most strking feature 1s the silarity
i the [amino acid| requirements of all animals.  Apparently the general pattern
of loss of synthetic capacity of some uine (or ten) amino acids was established
very carly inoanimal evolution.”  Although amino acid requirements are not
known for any echinoderm, it is most unlikely that they deviate from the clear-cut
pattern seen i other animals. One of the essential amino acids whieh no animal
is known to synthesize is the sulfur-containing amino acid, methionine.  Animals
can convert methionine into the sulfur-containig amino acids, cyvsteine and cystine,
by a series of irreversible reactions. These three amino acids are the only sulfur-
containing amino acids known to be mvolved in protein synthesis: none of them
can be synthesized from sulfate by animals. Moreover, S*-sulfate injected into
the sea urchin fails to label the lantern, body wall, axial organ or gonads (which
were unripe or immature i the urchins injected ). It is especially important to
note that the soft, aboral growing tips of the teeth do not label with S*?-sulfate.
These tooth regions are the sites of mteuse cell proliferation, and should have a
high rate of protein synthesis. [ S*-sulfate could be incorporated into proteins
by the sea nrehin, it should he meorporated wherever proteins are being synthe-
sized, and not exclusively incorporated by regions of gut which contain muco-
polvsaccharides.

The mucous secretions of the gut of Strongyviocentrotus purpuratis have the
same general features as the gut mucous secretions of Eclinus esculentus (Stott,
1955) and Strongylocentrotus interniedius (Fuji, 1961).  In all these regular
cchinoids, the gut mucous seeretions, most of them acidie, are produced hy unicellular
gland cells of the mner epithelinm of gut regions preceding the juuction of the
esophagus and the stomach s following this junction, there are no mucous gland
cells.  Stott stained Echinus mucous gland cells with a haematoxylin and with
mucicarnine.  These stains nnfortunately lack histochemical specificity.  Fuji.
however, used several good histochemical tests in his study of Strongviocentrotus
nitermedins.  1le stained gnt mucopolysaceharides with PAS after salivary diges-
ton (which is comparable to diastase digestion ), and with toluidine blue (which
15 comparable 1o azure ). Fuji, who did not investigate the buccal cavity,
claimed that both the esophagus and the radial grooves of the pharynx were
crowded with gland cells containing a neutral mucopolysaccharide.  In Strongyvlo-
centrotus purpuratus, the mucous gland cells of the esophagus and those of the
radial groove of the pharynx contain no detectable neutral mucopolysaccharide.
Therefore, there are mterspecific differences i the details of mucous gland cell
distribution and content in regulir echinoid guts,

Table [ shows that the radial buccal epithelimm, the radial buccal diverticula,
the interradial buccal diverticula and the interradial sectors of the pharyvnx each
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contains two kmds of gland cell. These gland cells were treated as two distinet
cell types to facilitate exposition i the results section of this paper.  [lowever, it
is possible that, in cach gut region mentioned, the two mucons gland cell types
are actually two successive stages in the secretory evele of one type of gland cell.
Anderson (1960, p. 381) has previonsly raised the possibility that morphologically
different mucous gland cells in one region of an asteroid gut may represent differ-
ent secretory phases of a single popnlation of gland cells.  In the case of the sea
urchin gut, we have. at present, no convineing evidence for or against such a
secretory cvele.

Sulfated acid mucopolvsaccharides of the mammalian gut stain metachromati-
cally with azare A, and nonsnlfated acid mucopolysaccharides stain orthochromati-
cally with azure .\ (Spicer, 1963).  Sea urchin gut mucopolysaccharides differ
markedly from mammahan gut mucopolysaccharides in their reactions to azure J\.
Nonsulfated acid mucopolysaccharides of the sea urchin gut do not stain at all
with azure .\, while sulfated acid mucopolysaccharides of the sea urchin gut may
stain either metachromatically or orthochromatically with azure .\, In the urchin
gut, there is incorporation of S*-suliate wherever there is azurophilia of any kind.
Apparently, in the urchin, a molecule of the orthochromatic sulfated mucopoly-
saccharide may mcorporate detectable amounts of S*-sulfate as sulfate esters
without creating enough free electronegative surface charges to cause metachro-
masia. This night be due to a sterie configuration that occludes the sulfate groups,

Mucopolysaccharide hiosynthesis probably oceurs by a complex series of steps.
In the case of sulfated mucopolysaccharides, 1t is still not known whether the
sulfation step occurs before or after polymerization of the sugars. It is known,
however, that a compound rich wm 5% appears in the vesicles of the Golgi complex
of mammalian chondrocytes within  three minutes of injection of S*-sulfate
(Porter, 1964). The S*-sulfated sugars of such a compound would have 10 be
either polymerized or protein-hbound in order to survive fixation.  The Golgi-asso-
ciated vesicles might be the actual site of sulfation or they might be a center for
rapid concentration or assembly of material sulfated elsewhere in the cell.  \With
the passage of time, the S*-sulfated material is detected in larger vesicles and
finally 1s scereted from these vesicles into the extracellular environment (Porter,
1904). .\ similar type of secretory activity has been demonstrated for the Golgi
apparatus of plant cells ( Mollenhauer and Whalev, 1963). llere, sceretion vesi-
cles form at the edges of the stacked cisternac.  These secretion vesicles pinch
off from the cisternae, and become larger and more electron-dense as they move
through the cytoplasm to the plasma membrane where their contents are secreted
from the cell.  The Golgi apparatus is further implicated in secretion by the findings
of Hollman (1963). who investigated the ultrastructure of goblet cells, mucous
gland cells of the rat intestine. Ile concluded (p. 547) that “there scems to be
no doubt that the Golgi apparatus plays a predominant role in the sceretion process
of the goblet cell.” In at least some of the mucous glands of the sea urchin's
gut, the Golgi apparatus may play an important part in the secretion process.
Mucous gland cells in several gut regions of the urchin show initial uptake of
S%-sulfate in the middle third of the cell (Fig. &), and a subsequent migration of
the label to the luminal part of the cell (199, 9). Therefore, either the suliation
step in the synthesis of some sulfated acid mucopolysaccharides or @ concentration
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of suliated products occnrs m the gland cell region presumably containing the Golgi
1\1' Lus.

Mucons gland cells of the esophagus and of the pharyngeal radial grooves are
refractory to spectfic histochemical tests for sulfated acid mucopolysaccharides in
the region of initial S*-sulfate uptake.  Tn 18 hours, the sulfated material has
migrated to the luminal parts of the cells and stains positively for sulfated acid
mucopolysaccharides. .\ similar phenomenon was deseribed by Imumers (1961)
for mucopolysaccharides in eggs and embryos of the sea urchin, Paracentrotus
Leidies. Immers  claimed  that  these sulfated acid mucopolysaccharides  were
masked (.., refractory to specific histochemical tests) when combined with pro-
tein, and that they became unmasked and stainable when sphit from the protein;:
French and Benditt (1953) proposed a molecular mechanism for protein masking
of mucopolysaccharides. On the other hand. the region of initial sulfate uptake
could be refractory to specific histochemical tests for sulfated acid mucopolysac-
charides stmply because the sulfated molecules are present in very small amounts,
which are detectable autoradiographically, but not histochemically.  If we accept
the explanation of Tmmers, we may speculate that, in the sea urchin, sulfated acid
mucopolysaccharides of some gland cells may be elaborated (or concentrated)
in the Golgi apparatus in combination with a protem. The protein-mucopoly-
saccharide complex may subsequently migrate (perhaps wia secretion vesicles) to
the luminal part of the cell, where it dissociates, unmasking the sulfated acid

mucopolysaccharide.

In S0 purpuratus the mucous gland cells of the gut have several probable func-
tions.  These cells produce mucopolysaccharides which may lubricate the inner
wall of the relatively narrow pharynx and esophagus.  Such lubrication would
protect the delicate gut wall during the passage of hard, sharp objects ingested,
such as bites of encrusting coralline algae.  Furthermore, the mucopolysaccharides
produced in the buccal region of the urchin may well play an mportant part during
ingestion of friable food material.  When the teeth bite into a brittle object like
a coralline alga, small particles, otherwise lost to the urchin, may stick to mucous
secretions surromnding the teeth and thus get drawn into the buccal cavity.

SUMAMARY

1. A uecutral mucopolysaccharide, probably associated with a protein, occurs
in the connective tissue-muscle layer of all gut regions of the purple sea urchin.

2. In the inner epithelium, mucopolysaccharides are found m unicellular glands
located in all gut regions preceding the junction of the esophagus and stomach.
Such glands never occur in gut regions following this junction.

3. Many, and perhaps all, of the mucopolysaccharides of these unicellular
glands are acidic.  OFf these acid mucopolysaccharides, some are sulfated and
others are not.

4. Autoradiograms show that some gland cells which contain actdic suliated
mucopolysaccharides first incorporate S*-sulfate m the middle third of the cell.
I some cases, the mitially-sulfated material is refractory to spectfic histochemical
tests for sutiated acid mucopolysaccharides, perhaps because the mucopolysaccha-
rides are masked by combmation with protein.
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5. Autoradiograms show a migration of sulfated material from the unddle
third to the luminal portion of some gland cells. In cases where the sulfated
material was masked when synthesized in the middle third of the cell, it becomes
unmasked when it reaches the luminal part of the cell.

LLITERATURE CITED

ANpErsON, J. M., 1960. Histological studies on the digestive system of a starfish, Henricia,
with notes on Tiedemann's pouches in starfishes. Biol. Bull., 119: 371-398.

Bakeg, J. R, 1938. Note on the use of bromphenol blue for histochemical recognition of pro-
tein.  Quart. J. Micr. Sci., 99 : 459-460.

Bovp, G. A, 1955. Autoradiography in Biology and Medicine. Academic Press, New York.

Casseryan, W, G. B, 1959, Ilistochemical Technique. Methuen, London.

DeLace, Y., axp E. Hirovarp, 1903. Traité de Zoologie Concréte. Tome 111, Les Echino-
dermes. Schleicher, Paris.

Farmanrarmaian, A, axp J. H. Puionies, 1962, Digestion, storage, and translocation of
nutrients in the purple sea urchin (Strongylocentrotus pwrpuratus). Biol. Bull., 123:
105-120.

I'rexc, J. E., axp E. P. Bexorrr, 1953, The histochemistry of connective tissue: LI The
effect of proteins on the selective staining of mucopolysaccharides by basic dyes. J.
Histochem. Cytochem., 1: 321-323.

Fujyr, A, 1961. Studies on the biology of the sea urchin. [V. Histological observation of the
food canal of Stroungylocentrotus intermedins. Bull, Fac. Fish. Hokkaido, 11: 195-202.

Horryiany, K. H., 1963, The fine structure of the goblet cells of the rat intestine. . fun. N. }"
Acad. Sei., 106 ; 545-554.

Huaiasoxn, G. L., 1962.  Animal Tissue Techniques. Freeman, San [Francisco.

Hvaran, L. H., 1955. The Invertebrates. IV. Echinodermata. McGraw-Hill Book Co., Inc.,
New York.

Iaiaeks, J., 1961, Comparative study of the localization of incorporated ''C-labeled amino acids
and #®SO, in the sea urchin ovary, egg, and embryo, Exp. Cell Res., 24: 356-378.

Kanwagr, K. C., 1960. Note on the specificity of mercuric bromphenol blue for the cytochemical
detection of proteins. Experientia, 16: 355.

Mazia, D, P. A. BREwErR axp M. Avrert, 1953. The cytochemical staining and measurement
of protein with mercuric bromphenot blue. Biol. Bull., 104: 57-67.

MorLexuaver, H. H., axp W. G. Wirarey, 1963. An observation of the functioning of the
Golgt apparatus. J. Cell Biol., 17 : 222-225.

Pearse, A. G. E,, 1960. Histochemistry, Theoretical and Applied. Churchill, London.

PortTEr, K. R,, 1964. Cell fine structure and biosynthesis of interceltular macromolecules. [Bio-
plivs. J., 4: 167-196.

Prosser, C. L., axp F. A. Browx, Jr, 1961. Comparative Animal Physiology. Saunders,
Philadelphia.

SpiceRr, S. S., 1963. Histochemical differentiation of mammalian mucopolysaccharides. . lin.
N. Y. Acad. Sci., 106 : 379-388.

Stort, F. C., 1955. The food canal of the sea-urchin Echinus esculentus 1. and its funetions.
Proc. Zool. Soc. London, 125: 63-86.



